Aggregated occupational sets of exposure measurements from the Norwegian industry registered in the exposure database EXPO at The National Institute of Occupational Health, Oslo were examined with respect to distributions and skewness. Data for lead in blood show a truncated almost normal distribution because of regulations for workers with high lead in blood concentrations. The styrene, dichloromethane and acetone measurements show quasi log-normal distributions possibly because of over-representation of worst-case measurements. The other personal and stationary measurements are relatively good ®tted to a log-normal model. The stationary measurements indicate generally lower mean levels than the corresponding personal measurements.
INTRODUCTION
When the need for a parametric model for occupational exposures was recognised in the 1950s and 1960s, attention quickly focused upon the two-parameter log-normal distribution. However, given the widespread application of the log-normal distribution to occupational exposures today, it is surprising that there have been few studies where the assumption of log-normality was investigated in any way. There are some formal test procedures for distributions: the W test for normality (Shapiro and Wilk, 1965) , the Kolmogorov±Smirnov test (Kolmogorov, 1933) , the CrameÂ r±Von Mises test (CrameÂ r, 1928) , the weighted CrameÂ r±Von Mises test (Anderson and Darling, 1954 ), Durbin's version of the Kolmogorov±Smirnov procedure (Durbin, 1961) , Lilliefors version of the Kolmogorov± Smirnov procedure (Lilliefors, 1967) and range/standard deviation (David et al., 1954) . Plotting the cumulative concentration values on log-probability paper is a popular method of judging whether the population may feasibly be log-normal giving a straight line, but this method can hardly be regarded as a rigorous statistical test . Waters et al. (1991) published a simple measure of goodness of ®t for the log-normal model, the ratio metric, applied to occupational exposures.
It has been reported that the distributions of the logarithms of occupational exposures can be well described by a random-eects ANOVA model if the distributions are log-normal and stationary Rappaport et al., 1993) . Empirical data have shown distributions which are log-normal and stationary for data collected from a workplace during the course of a year (Symanski and Rappaport, 1994; Symanski et al., 1996) Our primary aim with this study is to examine distributions and skewness of occupational exposure sets of measurements in the Norwegian industry stored in the database EXPO. The exposure database EXPO is described in a newly published report (Rajan et al., 1997) . Aggregated or nested measurements are used to study the statistic parameter skewness as a distribution test of raw data and logtransformed data from an occupational exposure database. Knowledge about distribution of measurements is necessary before any calculation on occupational exposure data because the common twoparameter model is based on a log-normal distri-bution. In this work we will compare mean levels of stationary measurements with personal measurements.
METHODS
For most occupational exposure measurement studies, it is necessary to group the data very speci®-cally. Sub-grouping is often done according to job title, industry or any other kind of location. Such sub-grouping results in relatively low variability of the exposure data within groups Rappaport et al., 1993) . Here, however, we wanted to aggregate or nest the data in order to obtain the large data sets necessary for distribution study. Aggregated data sets have higher variability than for grouped data (Peretz et al., 1997) . Data warehousing (Inmon, 1996) is a relatively new information concept. In this concept a large body of registered data are used in order to study trends as a part of a decision support system. Here, we have used registered data to examine distribution and skewness of occupational exposure sets of measurements in the Norwegian industry.
In many cases, statistical calculations require that the data be an homogenous group. In exposure measurements, this would mean collection in the same way from the same set of workers doing the same job but, at the same time, avoiding autocorrelation (Kumagai et al., 1993; . This is clearly not the case with most of the data in this paper, but nevertheless, we believe that the statistical features of the large volume of data in EXPO are of interest. A positive point is that the wide range of sources of the data points should mean that they are eectively independant.
Three types of exposure limits are used in Norway and many other countries: 8-hour exposure limits, short time exposure limits for a period up to 15 minutes and ceiling exposure limits (Norwegian Labour Inspection, 1996) . Measurements for comparison with ceiling limits and short time exposure limits were excluded in the present study, except lead in blood measurements which have a ceiling limit in Norway. The Norwegian Labour Inspection (1991) have recommended shift-long measurements, or a set of measurements covering the full shift, for the comparison with 8-hour exposure limits.
Personal measurements of dust, including welding fumes, were performed by active sampling on cellulose ester ®lters in the breathing zone, and analysed by gravimetry. The same sampling method was used for a-quartz, aluminium, iron and lead. a-quartz was analysed by X-ray diraction, and aluminium, iron and lead with inductive coupled plasma atomic emission spectrometry (ICP). Oil mist had been collected on glass ®bre and cellulose ester ®lters and was analysed by infrared spectrophotometry (IR). Organic components had been collected by active sampling on adsorbent charcoal tubes or by diusive sampling and analysed by gas chromatography.
The measurements of aluminium in urine, lead in blood, cadmium in blood and chromium in urine were analysed using atomic absorption spectrophotometry (AAS). Mercury in urine and mercury in blood were analysed using a cold vapour technique of the same method. Zinc Photophorpyrine (ZPP) in blood was analysed using¯uorometry. Quality control of laboratory analyses from the National Institute of Occupational Health is secured by participation in inter-laboratory control programs.
For styrene, acetone and dichloromethane, 60% of the measurements were from projects arranged by Norwegian Labour Inspection. These measurements were from 1971 to 1997 and were analysed at 4 dierent laboratories. Except for styrene, acetone and dichloromethane, the measurements were from 1983 to 1997 and analysed at our institute. From 39% to 71% of the measurements in this report were collected on the enterprise's own initiative, here called service. Inspections from the Labour Inspection were the reason for 5% to 14% of the measurements. Routine controls (periodically repeated measurements at the same enterprise) covered 4% to 17% of the measurements. The group other' may, for instance, be measurements on the initiative of our institute, and covered 4% to 5% of the measurements.
We used a sampling time of at least 1 hour to select personal measurements, and measurements to be compared with 8-hour exposure limits. The reason for this selection is that measurements with shorter sampling time than 1 hour do not form an homogeneous group. These measurements were done for dierent aims: worst-case, comparisons with ceiling exposure limits and comparisons with short time exposure limits. For most practical use measurements with sampling time above 1 hour are found to form relatively homogenous groups in EXPO using relatively large sets of measurements. It has been reported that:``In general, the arithmetic mean of an exposure is independent of the sampling time while the variance in exposure decrease and the GM increases with sampling time depending on the degree of autocorrelation'' (Kumagai et al., 1993; Kumagai and Matsunaga, 1994; Nieuwenhuijsen, 1996) .
We have found a downward time trend for organic solvent exposure measurements from 1985 to 1994 stored in EXPO (Osvoll and Woldbñk, 1998) . This trend will increase the variability of the sets of measurements. Education programs for hygienists are in progress but inter-hygienist controls should be performed as well as inter-laboratory controls because sampling bias and errors may be high (Olsen et al., 1991) .
There seems to be a range of practices described in the literature for treating outliers. Some authors P. O. Osvoll and T. Woldbaek 422 set values below detection limits to a low constant value while others exclude such values (Perkins et al., 1990) . Zero values are impossible to handle straightforward in a log-transformation algorithm and anyway values below detection limits introduce problems and errors in computation of occupational exposure data except by use of boxplot and similar data presentation methods. In this study measurements below detection limits are simply replaced by the detection limit values. No attempts were however done to remove high outliers.
Personal and stationary occupational exposure measurements are grouped and treated separately, because by experience they are found to represent dierent mean levels, as shown later in this report.
Statistics
The arithmetic mean (AM), the geometric mean (GM), the geometric standard deviations (GSD) and the ratio metric were calculated for data from the database. The skewness for the distributions were calculated using SPSS (1997) .``Skewness is a statistic needed to determine the degree to which a distribution of cases approximates a normal curve, since it measures deviations from symmetry. The measure of skewness is sometimes called third moment and will take on a value of zero when the distribution is a completely symmetric bell-shaped curve. A positive value indicates that the cases are clustered more to the left of the mean with most of the extreme values to the right. A negative value indicates clustering to the right''.``If the skewness for a distribution is above 2 or below À2 normality is ordinary denied''. (Spiegel, 1994; SPSS, 1997) . The formula is:
The dierence between AM and GM is also a measure of skewness and GSD are the common parameter for estimated variability. The parameter skewness for raw data and log-transformed data, the ratio metric, AM, GM, GSD, together with diagrams of distributions, are used to examine the data.
The ratio metric compares the ratio of two estimators of the mean; i.e., AM divided by the maximum likelihood estimate of the mean of a lognormal distribution (Waters et al., 1991) . For the ratio metric test it is necessary to take also the actual GSD into account for evaluation of ®t to a log-normal model. Low GSD gives low ratio metric and high GSD gives high ratio metric for such distributions.
The data were analysed using the t-test on their log-values (Spiegel, 1994) and a signi®cance level of 5%. Table 1 shows the results of selected biological occupational measurements as background for analysis. The data for lead in blood form a special distribution. The skewness for raw data is only 0.22 indicating an almost normal distribution so the skewness for the log-transformed distribution is omitted. The AM and GM are 1.4 and 1.2 micromole/litre. The ratio metric is 1.1 and the GSD 1.9 for 13035 measurements. Here we have three indications of a near normal distribution: the skewness for raw data, the dierence between AM and GM and the ratio metric together with the GSD. In Table 1 the other biological sets of measurements are ranged in increasing order of the skewness of their raw data. The data set for cadmium in blood, with only 294 measurements, indicates a better ®t to a log-normal model than a normal model by the skewness values and the dierence between AM and GM. The skewness of raw data for the rest of the biological measurements in Table 1 indicates exclusion from a normal model. The dierence between AM and GM indicates the same while skewness of log-transformed data indicates log-normality. Small GSD for mercury in blood and zinc protoporphyrin in blood explains small ratio metric values for these compounds in Table 1 . Table 2 shows the same information for some personal occupational measurements with sampling time above 1 hour, ranged in increasing order of skewness for raw data. Fig. 1 shows a plot of 4141 styrene measurements both as raw distribution and log-transformed distribution. This distribution is not well described neither by a normal model nor by a log-normal model and may be characterised as a quasi log-normal distribution. The value 3.3 for the skewness of the raw data for styrene in Table 2 denies a normal distribution. The dierence between AM and GM indicates a tail to the right for the distribution and the ratio metric/GSD indicates a distribution dierent from both a normal-and a lognormal model. The skewness value of the log-transformed data of À1.4 indicates that the ®t to a lognormal model is not very good, but this is better than an approximation to a normal model. For 1-propanol all indications in Table 2 give a good ®t to the log-normal model. The indications for acetone in Table 2 resemble the indications for styrene. For acetone the data in Table 2 indicate a distribution which is quasi log-normal, but closer to log-normality than the distribution of styrene. In particular, the skewness value À0.86 indicates a small tail to the left for the log-transformed data as for styrene. Also the data for dichloromethane indicate a quasi log-normal distribution but to a lower degree than for both styrene and acetone. For the rest of the components in Table 2 all indications are in agreement with log-normal models although the skewness for lead, 2-ethoxiethanol and a-quartz indicates small remaining tails to the right after log-transformation. Fig. 2 shows the raw data and the logtransformed data for 3234 m&p-xylene measurements. The ®gure shows a good ®t to the log-normal distribution, which is con®rmed by the data in Table 2 . Table 3 also indicates quasi log-normal distribution for stationary styrene measurements with sampling times above 1 hour and the same distributions for acetone and dichloromethane. The stationary a-quartz and dust measurements show skew distributions giving small tails to the right after log-transformation. Stationary iron measurements have a high skewness of raw data while the log-transformed distribution has a tail to the left indicating a skew distribution with deviation from the log-normal model.
DISCUSSION
Lead in blood measurements show an almost normal distribution with skewness 0.22 Table 1 . This fact is explained by regulations that demand exposure-free work for persons having a concentration of 2.5 micromole per litre or more of lead in blood. Therefore, the right tail of the distribution is trun- Fig. 1 . Raw distribution and log-transformed distribution of 4.141 styrene measurements. Fig. 2 . Raw distribution and log-transformed distribution of 3.234 m&p-xylene measurements.
Distribution and skewness of occupational exposure sets of measurements in the Norwegian industry 425 cated. So the ceiling limit from the Labour Inspection has given the data set of lead in blood a distribution which is changed from an expected lognormal distribution to an almost normal distribution. No such regulation exists for other metals and the rest of the biological measurements are relatively good ®tted to a log-normal model. The actual ratio metrics are in the range 1.1 to 1.8 while the actual GSD are in the range 1.7 to 4.0. A GSD of 1.7 for an aggregated set of biological measurement is low and such low GSD values result in low ratio metric values, so it is necessary to look at the GSD using the ratio metric. The ratio metric seems to be a little dicult to interpret for distributions with low GSD. The biological measurements are from relatively few enterprises in Norway and repeated measurements for the same persons are common in the database. This fact may explain the low GSD because a great part of the measurements are dependent or correlated. The personal measurements of styrene ( Fig. 1) are not log-normally distributed. A downward time trend for organic solvent measurements stored in EXPO has been observed (Osvoll and Woldbñk, 1998) , and the styrene data covering the time period 1971 to 1997, with many old measurements, have a greater downward trend than the rest of the organic occupational exposure measurements, but exposure reduction and regulation may not alone explain this quasi log-normality (Lenvik et al., 1999) . Worstcase measurements for styrene are over-represented in EXPO since there are relatively few measurements for the last 10±12 years and the old measurements for styrene often represented worst-case (Ulfvarson, 1983) . Fig. 1 shows that the distribution is missing some low measurements in relation to an expected log-normal distribution. Dichloromethane and acetone partly support this trend and these components are often found together with styrene. The trend for personal styrene, dichloromethane and acetone distributions to be quasi log-normal are supported by the distributions for stationary measurements for the same components. Most of the measurements of these compounds are from a project in the glass ®bre reinforced plastic industry conducted by the Labour inspectorate. At least old data in an exposure database often represent worstcase measurements (Ulfvarson, 1983) . This may complicate comparisons made on data from such databases. However, if selection biases are similar, comparisons between periods may still be valid (Olsen et al., 1991) . Olsen et al. selected enterprises and time periods for measurements randomly in order to study bias and random errors in historical data of exposure to organic solvents. They also performed duplicate sampling. Results from two studies were compared with measurements in a database. The conclusion was that exposure data collected in a database need strict classi®cations in Table 3 The rest of the personal measurements (Table 2 ) are relatively good ®ts to a log-normal model. Fig. 2 shows the raw data and the log-transformed distributions for m&p-xylene with a nearly perfect ®t to a log-normal model ( Table 2 ). The mean levels for stationary measurements are signi®cantly lower than the corresponding levels for personal measurements (Tables 2 and 3 ) except for the stationary a-quartz measurements, which indicates equal GM for personal and stationary measurements, but the actual AM show dierent values as expected. The data in EXPO should be further analysed concerning the relationship between personal and stationary measurements.
The parameter skewness for raw data and logtransformed data seems to be easier to interpret as a log-normality test than the ratio metric test. The skewness, as well as other statistical parameters which indicate log-normal distributions, is valuable in connection with occupational distributions and exposure databases. Using this parameter on both raw data and log-transformed data gives good indications of log-normality. The only limitation for the parameter skewness seems to be distributions which are not uni-modale (Spiegel, 1994) . Anyway it is very useful and informative to plot the actual distributions. Plots and skewness data tell very much about the actual distributions as a background for further calculations and use of the data. We would recommend the use of the statistical parameter skewness for occupational exposure data. This parameter is practical especially for data registered for these databases.
CONCLUDING REMARKS
Lead in blood shows a truncated, almost normal distribution. This fact is explained by regulations for high exposed workers with exposure free work for a period.
Styrene measurements, both personal and stationary show a quasi log-normal distribution. This trend is partly supported by the data for dichloromethane and acetone. Overrepresentation of worst-case measurements may explain this distribution. The other occupational measurements are relatively good ®tted to a log-normal model.
The stationary measurements indicate lower mean levels than the corresponding personal measurements but this relationship should be further studied.
The statistical parameter skewness is a quick data distribution test for raw data and log-transformed data but this parameter cannot distinguish between uni-modal distributions and bi-modal distributions so there are still a need to look at diagrams. The parameter skewness is specially valuable in connection with occupational databases.*****
